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Mlchael  J .  M i r t i c h ,  Herman Mark, and W i l l i a m  R. Kers lake  
Na t iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
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ABSTRACT 
A resurgence o f  i n t e r e s t  i n  p l a c i n g  l a r g e  s o l a r  c o n c e n t r a t o r / s o l a r  
dynamic systems i n  space for  power genera t lon  has brought  up a g a i n  a concern 
f o r  m a i n t a i n i n g  the  i n t e g r l t y  of  the  o p t i c a l  p r o p e r t l e s  o f  h i g h l y  specu la r  
r e f l e c t f n g  surfaces i n  the  near -ear th  space env i ronment .  
env i ronmenta l  hazards o f  concern and needing e v a l u a t l o n  i s  t he  micrometeoro id 
environment.  I t  has been shown t h a t  h i g h l y  r e f l e c t i v e  p o l i s h e d  meta ls  and 
t h i n  f i l m  coa t ings  degrade when exposed t o  s i m u l a t e d  micrometeoro ids I n  the  
l a b o r a t o r y .  A t  NASA Lewls Research Center, a shock tube was used t o  s imu la te  
the  phenomenon o f  mlcrometeoro id impact by a c c e l e r a t i n g  mic ron  s i z e  p a r t l c l e s  
t o  h y p e r v e l o c i t i e s .  
t o  t h i s  impact  were then eva lua ted .  
p o l i s h e d  meta ls  and t h i n  m e t a l l i c  f i l m s  a f t e r  exposure t o  s i m u l a t e d  
micrometeoro ids was determined as a f u n c t i o n  o f  impac t ing  k i n e t i c  energy la rea  
o f  the  p a r t i c l e s .  
developed to n o t  o n l y  d e t e c t  the  micrometeoro id environment,  b u t  a l s o  to 
e v a l u a t e  the  degradat ion  o f  the  o p t i c a l  p r o p e r t i e s  o f  t h i n  aluminum f i l m s  i n  
space. 
launched i n  1967 and 1970 r e s p e c t i v e l y .  
o f  the  h i g h l y  r e f l e c t i v e  su r face  were measured d u r i n g  11 years i n  space. 
r e s u l t s  a re  i n  agreement w i t h  t h e  1987 mic rometeoro id  f l u x  model presented I n  
One o f  t h e  
Any changes i n  t h e  o p t i c a l  p r o p e r t i e s  o f  surfaces exposed 
The d e g r a d a t i o n  o f  o p t i c a l  p r o p e r t i e s  o f  
A c a l l b r a t e d  sensor, 2000 A A l / s t a i n l e s s  s t e e l ,  was 
Th is  sensor was f l o w n  on OS0 111 and SERT 11, s a t e l l i t e s  t h a t  were 
No changes i n  the  o p t i c a l  p r o p e r t i e s  
These 
t h i s  paper.  
t h a t  a h i g h l y  r e f l e c t i v e  su r face  shou ld  l o s e  l e s s  than 1 p e r c e n t  o f  i t s  
specu la r  r e f  1 ectance 1 n near -ear th  o rb1  t d u r i  ng 11 yea rs .  
The r e s u l t s ,  as determined by t h e  accuracy o f  t h e  sensor, i n d i c a t e  
Ec r 
' t h  
E 
IHR 
I 66 
K 
MP 
T1,2 
"P 
Tb 
sn a 
x 
P 
Ph-a 
;h-h 
- 
- 
0 
$ 
eS 
NOM E NCLA TU R E 
c r a t e r l n g  energy dens1 t y ,  e rgs /cc  
t o t a l  hemi spher i  c em1 t t a n c e  
i n t e n s i  t y  from blackbody c a v i t y  
s p e c t r a l  energy d i s t r i b u t i o n  o f  420 K (756 R >  b lackbody 
d e f i n e d  i n  Eq.  ( 2 )  
mass o f  impact ing  p a r t i c l e  
body temperature 
d l  sk temperature 
p a r t i c l e  velocity 
normal so la r  absorptance 
wavelength o f  r a d i a t i o n ,  microns 
average ref 1 ectance 
hemispheric angu lar  r e f l e c t a n c e  
hemispher ic-hemispher ic  r e f l e c t a n c e  
Stefan-Bo1 ttmann cons tan t ,  1 .713~10-9  B t u / ( h r ) ( f t 2 ) ( R 4 )  
i n t e n s i t y  o f  i n c i d e n t  r a d i a t i o n  
sun angle 
S u b s c r i p t s :  
a a f t e r  exposure t o  E 
1 i n 1  t i a l  value 
L l a b o r a t o r y  c o n d i t i o n s  
SP1 space cond i t i ons  1 (see Appendix A )  
m 
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i n f i n i t e  exposure to p a r t i c l e  impac t ion  
INTRODUCTION 
A resurgence o f  i n t e r e s t  i n  p l a c i n g  l a r g e  s o l a r  c o n c e n t r a t o r  s o l a r  dynamic 
systems i n  space for  power g e n e r a t i o n  has renewed I n t e r e s t  i n  m a i n t a i n i n g  t h e  
i n t e g r i t y  o f  the  o p t i c a l  p r o p e r t i e s  of h l g h l y  specu la r  r e f l e c t i n g  surfaces i n  
t h e  near -ea r th  space environment.  
needing e v a l u a t i o n  i s  t h e  micrometeoro id environment.  I t  has been shown t h a t  
h i g h l y  r e f l e c t i v e  p o l i s h e d  me ta l s  and t h i n  f i l m  c o a t i n g s  degrade when exposed 
t o  s i m u l a t e d  micrometeoro1ds. l  
was used to  s i m u l a t e  t h e  phenomenon o f  m ic rometeo ro ld  impact  by  a c c e l e r a t i n g  
m ic ron  s i z e  p a r t i c l e s  to  h y p e r v e l o c i t i e s .  The o p t i c a l  p r o p e r t i e s  o f  s u r f a c e s  
exposed to  t h i s  impact were then  evaluated u s i n g  a Hohlraum r e f l e c t o m e t e r  and 
a space environment f a c i l i  t y .  Thus, the degrada t ion  o f  t h e  o p t i c a l  p r o p e r t i e s  
o f  p o l i s h e d  me ta l s  and t h i n  m e t a l l l c  f i l m s  a f t e r  exposure t o  s i m u l a t e d  
micrometeoro ids was determined as a f u n c t i o n  o f  impac t ing  k i n e t i c  energy p e r  
area o f  t he  p a r t i c l e s .  Next,  t h e  absc issa ( k i n e t i c  energy of t h e  i m p a c t i n g  
p a r t i c l e s  p e r  area) needed to be c o r r e l a t e d  w l t h  r e a l  t i m e  i n  space, and t h e  
e f f e c t  o f  t h e  micrometeoro id environment on su r faces ,  c a l l  b r a t e d  on t h e  ground, 
would be known. A c a l i b r a t e d  sensor 2000 A A l / s t a i n l e s s  s t e e l  was developed 
a t  NASA Lewis n o t  o n l y  t o  d e t e c t  t h e  micrometeoro id environment,  b u t  a l s o  t o  
eva lua te  t h e  degrada t ion  o f  t h e  o p t i c a l  p r o p e r t i e s  o f  a t h i n  aluminum f i l m  i n  
space. Th is  sensor was f l o w n  on t h e  OS0 I11 and SERT I 1  S a t e l l i t e s  t h a t  were 
launched i n  1967 and 1970 r e s p e c t l v e l y .  Data was o b t a i n e d  for as l o n g  as 
1 1  yea rs .  
One o f  t h e  env i ronmenta l  hazards o f  concern 
A t  NASA Lewis Research Center ,  a shock tube  
When t h e  sensor was p laced  on these s a t e l l i t e s ,  t h e r e  was a l a c k  o f  
r e s o l u t i o n  i n  t h e  measured f l u x  o f  micrometeoroids near t h e  e a r t h  (from 0.02 
to  seve ra l  e a r t h  r a d i i > . * , 3  (Note: Re f .  2 c o n t a i n s  48 papers on t h e  
micrometeoro id environment.)  Th i s  i s  e v i d e n t  i n  F i g .  1 ,  where t h e  
mlcrometeoro id f l u x  model of  19633 i s  p l o t t e d  from the  d i r e c t  measurements o f  
3 
I n t e r p l a n e t a r y  dust as recorded by v a r l o u s  sensors on board a v a r i e t y  o f  
s a t e l l i t e s .  This i s  a cumu la t i ve  mic rometeoro id  f l u x ,  ( a  sensor capable o f  
measuring a 10-lo gm p a r t i c l e  counts  a l l  p a r t l c l e s  1 O - l o  gm or g r e a t e r )  which 
seems t o  i n d i c a t e  t h a t  t h e r e  a re  few or no mic rometeoro id  p a r t i c l e s  s m a l l e r  
than 10-12 or 10-13 gms. 
p h o t o g r a p h i c a l l y  or o p t i c a l l y  v i s i b l e  (10-5 gms), e f f o r t s  t o  measure t h e  f l u x  
have succeeded I n  o b t a i n i n g  a s a t i s f a c t o r y  p i c t u r e  o f  t h e  s i t u a t i o n ,  a t  l e a s t  
from t h e  eng ineer ing  and even, perhaps, from t h e  s c i e n t i f i c  p o i n t  o f  v iew. 
However, for the f l u x e s  of sma l le r  p a r t i c l e s  t h a t  may e x i s t  i n  nea r -ea r th  
space, these f l i g h t  exper iments produced seemingly  b e l i e v a b l e  d a t a  whlch 
d i f f e r e d  by 4 t o  5 o rde rs  of m a g n l t ~ d e . ~ , 3  Th is  u n s a t i s f a c t o r y  s i t u a t i o n  
e x i s t e d  f o r  many reasons. Some o f  t h e  most impor tan t  reasons were p r o b a b l y  
connected w i t h  the ex t remely  d l f f i c u l  t condi t l o n s  under which f l  i g h t  
measurements were made, coupled w i t h  the  f u r t h e r  d i f f f c u l t y  o f  t r a n s m i t t i n g  
them over  l o n g  d is tances .  
w i t h  ground c a l i b r a t i o n s  made under c o n d i t i o n s  ve ry  d l f f e r e n t  from those i n  
space a l s o  c o n t r i b u t e s  t o  t h e  e x i s t e n c e  o f  g r e a t  u n c e r t a i n t y .  
For l a r g e r  s i z e  meteoro id  p a r t l c l e s ,  e i t h e r  
The proper  i n t e r p r e t a t i o n  of  r e s u l t s  i n  comparison 
The l i s t  of t ransducers  used for  measuring t h e  f l u x  o f  p a r t i c l e s  i n  t h e  
range o f  i n t e r e s t  (10-8 t o  gm) I s  a lmost  endless.293 Microphone 
sounding boards w i t h  c r y s t a l  p ickups ,  t h i n  opaque f i l m s  p a i n t e d  on a 
t ransparen t  subs t ra te ,  p h o t o e l e c t r i c  p ickups ,  p e n e t r a b l e  gas p ressu re  
con ta ine rs ,  and pene t rab le  c a p a c i t o r s  which d l scha rge ,  a r e  among many t h a t  
were used. One d i f f i c u l t y  w i t h  a l l  o f  these d e t e c t o r s  i s  t h e  problem of  
separa t i on  of spur ious s i g n a l s  from those a c t u a l l y  caused by p a r t i c l e  Impact.  
Each of the  t ransducers mentioned above has a number of  p o s s i b l e  sources of 
spur ious  s i g n a l s .  
spur ious s i g n a l s  t h a t  t he  r e s u l t s  may be meaningless.  
some t ransducers  I s  t h a t  a h i t  may n o t  g i v e  a s i g n a l .  
Consequently, measurements may i n c l u d e  such an abundance o f  
Another  problem w i t h  
One example i s  a 
4 
I .  
I -  
I -  
c a p a c i t o r  which does n o t  d ischarge when p e n e t r a t e d  by a p a r t i c l e .  
p a r t i c l e s  which do n o t  p e n e t r a t e  a Penet ra t ion  sensor cannot g i v e  a s l g n a l .  
I n  t h i s  case, t he  r e s u l t s  a r e  low and t h e r e f o r e  meaningless.  I t  i s  c l e a r  t h a t  
some exper iments a re  n o t  v a l i d  if the f l u x  d i f f e r s  by f o u r  to f i v e  o r d e r s  o f  
magnitude.3 (See F i g .  1 for a 10-’0 gm mass p a r t i c l e . )  
S i m i l a r l y ,  
A1 though a1 1 the  d e t e c t o r s  mentioned i n v o l v e  measurement o f  a p h y s i c a l  
phenomenon connected w l  t h  an impact,  none o f  these were phenomena connected 
w i t h  t h e  p o s s i b l e  e n g i n e e r i n g  problem a r i s i n g  f r o m  impact a t  m e t e o r i c  speeds 
w i t h  p a r t i c l e s  I n  t h i s  s i z e  range. However, t h e  problem here  i s  n o t  one o f  
p e n e t r a t i o n  b u t  r a t h e r  one o f  eros ion  of  su r face  o p t i c a l  p r o p e r t i e s .  
Reference 1 descr ibes  ground s tud ies  o f  micrometeoro id Impact and I t s  e f f e c t  
on the  o p t i c a l  p r o p e r t i e s  o f  po l i shed meta l  sur faces .  
The thermal behav io r  of  po l l shed metal  sur faces  exposed to a s i m u l a t e d  
micrometeoro ld f l u x  and then exposed t o  a s imu la ted  space environment i s  
presented i n  R e f .  4. 
su r face  o p t i c a l  p r o p e r t i e s  (eml t tance and s o l a r  absorptance)  can be a f f e c t e d  
by e ros ion  caused by s imu la ted  micrometeorold exposure. 
t h a t  measurements of  e ros ion  of  suface o p t i c a l  p r o p e r t i e s  I n  a f l i g h t  
These two s tud ies  show t h a t  r e l a t l v e l y  l a r g e  changes i n  
I t  f o l l o w s ,  t he re fo re ,  
n i n g  t h e  r a t e  o f  
so o f  d e t e r m i n l n g  t h e  
es, which i s  t h e  
exper iment  migh t  be an e x c e l l e n t  way n o t  o n l y  o f  determ 
meteoro id  f l u x  i n  the  10-8 to  10-12 gm s i z e  range b u t  a 
e r o s i v e  e f f e c t s  o f  t h i s  f l u x  on surface o p t i c a l  p r o p e r t  
e n g i n e e r i n g  problem i n  ques t i on .  
Surfaces i n  space and t h e i r  o p t i c a l  p r o p e r t i e s  can a l s o  be degraded by 
o t h e r  fea tu res  o f  the  environment as w e l l  as by mic rometeoro id  e ros ion .  Atomic 
oxygen, u l t r a v i o l e t  r a d i a t i o n ,  and pro ton  and e l e c t r o n  bombardment a l s o  r a p i d l y  
degrade many s ~ r f a c e s . 5 , 6 , ~  Thus a t ransducer  su r face  had to  be chosen whose 
o p t i c a l  p r o p e r t i e s  would be a f f e c t e d  o n l y  by mic rometeoro id  e r o s i o n  and b y  
n o t h i n g  e l  se i n  the  environment . 4 , 6  Pol i shed meta l  sur faces  seemed a p e r f e c t  
5 
t 
choice. Not only are they relatively impervious to radiation damage but their 
surface properties are rapidly degraded by erosive micrometeoroid bombardment. 
However problems that can arise from their use as transducers are of a 
different nature. Due to their extremely low absorptance and emittance, 
polished metal surfaces are ideally suited for the detection of small amounts 
of surface damage, but, these very low valued optical properties, can cause 
difficulties in properly isolating samples of these materials from the effects 
of energy exchange with the orbiting vehicle. 
This problem was resolved in ground studies simulating exposure to 
micrometeoroid erosion and the effect of such erosion on orbital temperature 
hist0ries.l 
involving methods of measurements based on the 1963 micrometeoroid flux model 
which could determine the erosive micrometeoroid flux in orbit as well as its 
effect on critical surfaces. Results of these space experiments (ground 
micrometeoroid simulation and sensor calibration using a large solar-space- 
environment-simulation chamber) and conclusions regarding the (1987) 
micrometeoroid and debris flux models are presented in this paper. 
It was now possible to run a ground-flight experiment 
Ground Calibration 
As a result of a program at NASA Lewis in the 1960's in which polished 
metal surfaces were exposed to impaction by high-speed, micron-size particles 
in the laboratory, a quantitative relation between exposure energy in joules 
and the degradation o f  the surface optical properties was f0und.l It became 
apparent that a flight experiment could be used to monitor surface optical 
properties, i.e., reflectance, to determine exposure to micrometeoroid flux. 
It was determined by Mark et a1.4 that reflectance measurements in flight 
without a reflectometer are possible and can be made with thermal measurements 
only. In R e f .  4, a simulated micrometeoroid exposure-temperature calibration 
was made in ground studies on several polished metal and thin film metal 
6 
surfaces. 
method of micrometeorold exposure-temperature cal f bration are presented in 
Some background Information on micrometeoroid slmulation and the 
thi s section. 
In spite 
could be acce 
the speeds of 
phenomenon of hyperveloci ty impactlon wi th micrometeoro 
best by impactlon with particles at attainable speeds. 
cal i bration of micrometeoroi d exposure agal nst equl 1 i br 
thermally isolated disc under space conditions, a means 
Slmulatlon of Micrometeoroid Exposure 
of the fact that, the maximum attainable spzed t o  which particles 
erated intact in ground slmulatlon tests were only a fraction of 
micrometeoroid particles in earth orbit, it was believed that the 
ds could be simulated 
In order to obtain a 
um temperature of a 
O F  characterizing 
Laboratory exposure exposure both o n  the ground and In space was needed. 
quanti ties and change In surface property (reflectance, for instance) due to 
exposure are known for laboratory slmulation of micrometeroids. However, in 
space a change in surface property could have been caused In a number of ways, 
and thus, not having a unique tie to the environment that caused It, fails t o  
characterize this environment as well as the exposure itself. Therefore, the 
actual physical quantity to use for measuring the exposure I s  In question. 
Since a number of earl fer experimental and theoretical investlgations have 
indicated that the volume of  craters formed in targets as a result of impactlon 
with high-speed projectiles Is proportionate to the kinetic energy of the 
projectiles, the sum of the kfnetfc energies of the particles striking the 
surface up to any time was chosen as the physical quantity characterizing the 
exposure. The analysis that follows I s  presented in Refs. 1 and 9 and provides 
a useful relation connecting the surface reflectance with the exposure 
characterized by the kinetic energy of the Impacting particles. From Ref. 1 ,  
the expression for reflectance Pa of a metal surface of area A. exposed to 
impaction by particles having a total kinetic energy c in joules is 
7 
r 1 
where 
Equat ions (1) and ( 2 )  a l l o w  an a n a l y t i c a l  e x t r a p o l a t i o n  from t h e  measured 
t o t a l  energy requ i red  for  a g i  ven 1 aboratory-caused sur face  o p t 1  c a l  p r o p e r t y  
change, t o  t h e  t o t a l  energy r e q u i r e d  I n  space f o r  the  same su r face  o p t i c a l  
p r o p e r t y  change. This e x t r a p o l a t l o n  r e q u i r e s  e v a l u a t i n g  K for  space and can 
be done I f the  k i n e t i c  energy o f  t h e  p a r t i c l e  I n  space causlng m o s t  o f  t h e  
su r face  damage can be e s t i m a t e d  reasonab ly  (see Appendix A ) .  
The exper imental  procedure for  produc ing  t h e  l a b o r a t o r y  damage to  t h e  
sur faces  I s  descr ibed i n  d e t a i l 1  b u t  w i l l  be d iscussed b r l e f l y  i n  t h e  f o l l o w i n g  
paragraphs. 
Po l i shed  surfaces o f  sof t  aluminum, s t a i n l e s s  s t e e l  , and s t a i n l e s s  s t e e l  
coated w i t h  1900 A o f  aluminum were bombarded by c louds  o f  S I C  p a r t i c l e s  
hav ing  an average d iameter  o f  6 pm and a speed o f  2 . 6  km/sec (8500 f p s ) .  
p a r t i c l e s  were acce le ra ted  by t h e  aerodynamic d rag  o f  the  s h o r t  d u r a t l o n  flows 
The 
i n  a shock tube, and t h e  r e s u l t a n t  k i n e t i c  energ les  
were o b t a i n e d  from s t r i p - f i l m  camera measurements for  p a r t i c l e  speed, and 
microbalance c o l l e c t i o n  measurements t o  determine the  t o t a l  number o f  p a r t i c l e s  
s t r i k i n g  a g iven a rea . l  The measurement o f  speed and number o f  p a r t i c l e s  
s t r i k i n g  a p l a t e  were q u i t e  a c c u r a t e l y  r e p r o d u c i b l e ,  and the l a b o r a t o r y  
exposure energ les w e r e  measured and a r e  presented  i n  j o u l e s .  I n  each s e r l e s  
8 
( for  each t a r g e t  m a t e r i a l )  t he  d i sks ,  4.45 cm2, were exposed n o m i n a l l y  t o  0, 
1, 2, 4, and 6 J (0, 0.22, 0.44, 0.89, and 1.35 J/cm2). 
exposures r e p r e s e n t s  changes I n  the r e f l e c t a n c e  o f  a s i n g l e  d l s c  f r o m  I t s  
o r i g i n a l  va lue  near 1.0 to  about 0.5. 
This  range o f  
Thus, t h e r e  Is t h e  p o s s i b i l i t y  o f  q u a n t i t a t l v e l y  exposing sur faces  i n  t h e  
l a b o r a t o r y  t o  impact ion  by high-speed p a r t i c l e s  o f  known energy pe r  u n i t  a r e a  
and measur ing the  damage by means o f  a change o f  r e f l e c t a n c e ,  and then  to 
p r e d i c t  ( E q s .  1 and 2)  t he  equ iva len t  space exposure i n  energy pe r  u n l t  a rea  
r e q u i r e d  to produce t h e  same sur face  damage. 
damage r e l a t i o n  and t h e  su r face  damage-equi l ibr ium temperature r e l a t i o n  
o b t a i n e d  i n  t h e  s lmu la ted  space environment ( d e s c r i b e d  i n  a l a t e r  s e c t i o n ) ,  
a l l o w s  the  des lgn of  a space experiment i n  which t h e  s imple m o n l t o r i n g  o f  
temperature of  a d l s c  i n  space determines n o t  o n l y  su r face  damage b u t  a l s o  the  
a c t u a l  micrometeoro id exposure causlng the  damage as a f u r l c t i o n  o f  t lme.  Th ls  
f o l l o w s ,  o f  course, o n l y  i f  i t  i s  assumed t h a t  micrometeoro id exposure i s  
caus ing  the  su r face  damage. 
impingement Is s u f f i c i e n t  t o  s lmulate impingement from a l l  d i r e c t i o n s .  Th is  
i s  shown to be so and i s  d lscussed i n  Ref.  10. 
Havi ng t h e  exposure-surface 
I t a l s o  i s  necessary to assume t h a t  normal 
Determinat lon  of  Surface O p t l c a l  P r o p e r t i e s  
The d i s c s  used I n  t h i s  s tudy,  chosen for  t h e i r  good r e f l e c t l v e  
p r o p e r t i e s ,  were made o f  s t a i n l e s s  s t e e l ,  aluminum, and a s t a l n l e s s - s t e e l  
s u b s t r a t e  w l t h  a vapor-deposi ted coa t ing  of  alumlnum, 1900 A t h i c k .  Th is  
c o a t i n g  I s  s u f f i c i e n t l y  t h i c k  f o r  t h e  su r face  to e x h l b l t  t he  o p t i c a l  p r o p e r t i e s  
of aluminum as l ong  as the  c o a t i n g  remains undamaged. 
The d i s c s  were chosen 2.38 cm (15116 I n . )  I n  d iameter  and 0.046 m 
(1164 i n . )  t o  0.16 cm (1116 I n . )  t h l c k ,  e s s e n t i a l l y  because t h e r e  a r e  
a p p r o p r i a t e  dlmensions for  a sample i n the  heated-cavi  t y  spect rometer  system 
for making r e f l e c t a n c e  measurements. I n  t h i s  system, a Perkln-Elmer 13U 
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spect rometer  compares, i n  a g i v e n  wavelength band, r a d i a t i o n  from a b lackbody 
c a v i t y  a t  about 600 O C  t o  t h e  t o t a l  r a d i a t i o n  r e f l e c t e d  from a water-cooled 
sample i n  the  same wavelength band. T h i s  techn ique  works w e l l  i n  t h e  i n f r a r e d  
r e g i o n ,  b u t  i s  n o t  s a t i s f a c t o r y  a t  s h o r t e r  wavelengths because o f  i n s u f f i c i e n t  
r a d i a t i o n  from t h e  heated c a v i t y  below a wavelength o f  about  1 pm. 
i n t e n s i t y  r a t i o s  obta ined (I r e f l / I H R )  a r e  p l o t t e d  as a f u n c t i o n  o f  wavelength 
and a r e  p resen ted  for 1900 A A 1  on s t a i n l e s s  s t e e l  i n  F i g .  2 b o t h  b e f o r e  and 
a f t e r  exposure t o  impact ion w i t h  app rox ima te l y  0.22 J/cm2 o f  6 pm d iamete r  S i c  
p a r t i c l e s  t r a v e l i n g  a t  2 . 6  km/sec (8500 f p s ) .  The average va lues  o f  these 
s p e c t r a l  d a t a  a r e  presented a l s o .  The average r e f l e c t a n c e  i s  d e f i n e d  he re  as 
t h e  s i n g l e  v a l u e  t h a t  w i l l  r e f l e c t  t h e  same amount o f  energy a r r i v i n g  f r o m  a 
420 K (756 R )  b lackbody source as does t h e  sample; t h a t  i s ,  t h e  average 
The 
r e f l e c t a n c e  Pa i s  g i v e n  by 
where 
IREFL 
PH-A = , X1, = 1.5 pm, X2 = 15.5 pm 
The normal solar absorptance was determined from measurements made i n  t h e  
space env i ronment  s imu la to r  d u r i n g  t r a n s i e n t  h e a t i n g  o f  t h e  exposed d i s c s  
mounted i n  a s imulated space v e h i c l e .  The t o t a l  hemispher ic  em i t tance  of t h e  
d i s c s  was o b t a i n e d  d u r i n g  t r a n s i e n t  c o o l i n g .  Comparisons were made l a t e r  
between e q u i l i b r i u m  temperatures c a l c u l a t e d  from t h e  va lues  o f  thermal  o p t i c a l  
p r o p e r t i e s  o b t a i n e d  by these t r a n s i e n t  exper iments and t h e  a c t u a l  e q u i l i b r i u m  
temperatures a t t a i n e d  the  d i s c s  i n  a s o l a r  s i m u l a t o r . 4  I n f r a r e d  r e f l e c t a n c e s  
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a r e  a l s o  compared w i t h  t h e r m a l l y  ob ta ined  d i s c  emi t tances .  The space chamber 
thermal exper iment4 w i l l  be b r i e f l y  o u t l i n e d  l a t e r  i n  t h i s  paper.  
S imulated Exposure and Sur face Damage 
Re f lec tances  f o r  a l l  t h e  d i s c s  were o b t a i n e d  b o t h  b e f o r e  and a f t e r  
exposure, and s p e c t r a l  r e f l e c t a n c e  data o f  t h e  t ype  p resen ted  i n  F i g .  2 were 
c a l c u l a t e d  from Eq. ( 4 )  t o  o b t a i n  average r e f l e c t a n c e  va lues  weighted f o r  t h e  
energy d i s t r i b u t i o n  corresponding t o  a 420 K (756 R )  b lackbody.  I n  F i g .  3 a l l  
t h e  average r e f l e c t a n c e  r a t i o s  f o r  s t a i n l e s s  s t e e l ,  aluminum, and aluminum on 
s t a i n l e s s - s t e e l ,  p l o t t e d  a g a i n s t  t h e  t o t a l  energy o f  t h e  i m p a c t i n g  p a r t i c l e s .  
For an e q u u i v a l e n t  r e d u c t i o n  i n  r e f l e c t a n c e  i n  space, we a l s o  have p resen ted  
t h e  r e q u i r e d  space exposure on two a d d i t i o n a l  absc i ssas .  (See Appendix A . )  
The f i r s t  i s  f o r  a space p a r t i c l e  of  3 ~ 1 0 - l ~  gm ( a  mass o f  one- ten th  o f  t h e  
l a b o r a t o r y  p a r t i c l e )  and a speed o f  10.3 km/sec (34 000 f t / s e c >  (compared w i t h  
2.6 km/sec (8500 f t / s e c >  for t h e  l a b o r a t o r y  speed). The second e x t r a  a b s c i s s a  
i s  a l s o  fo r  a 3 ~ 1 0 - l ~  gm p a r t i c l e  b u t  a t  26 km/sec (85 000 f t / s e c > .  
f i r s t  case, an exposure o f  E S P ~  = 1 . 1 7 ~ ~  i s  r e q u i r e d .  I n  t h e  second case, 
& s p 2  = 2 . 1 5 ~ ~  
c o n d i t i o n s  t o  o b t a i n  e q u i v a l e n t  damage i s  due to  t h e  n e g a t i v e  o n e - t h i r d  
e x p o n e n t i a l  dependency on t h e  s i n g l e  p a r t i c l e  k i n e t i c  energy o f  t h e  K i n  
Eqs. ( 1 )  and ( 2 ) .  Thus, as t h e  s i n g l e  p a r t i c l e  k i n e t i c  energy i n c r e a s e s ,  K 
decreases (Eq. ( 2 ) > ,  and t h e  s u r f a c e  damage a t  a g i v e n  t o t a l  energy o f  exposure 
i s  reduced, ( i . e . ,  t he  r e f l e c t a n c e s  do n o t  f a l l  as r a p i d l y  w i t h  t o t a l  
exposure) .  
I n  t h e  
i s  t h e  r e q u i r e d  exposure. T h i s  i n c r e a s e  i n  exposure fo r  space 
The d a t a  i n  F i g .  3 i n d i c a t e  t h a t  t h e  r e d u c t i o n  i n  t h e  i n f r a r e d  r e f l e c t a n c e  
r a t i o  o f  aluminum i s  somewhat g r e a t e r  a t  any exposure than  t h a t  o f  s t a i n l e s s  
s t e e l .  The r e f l e c t a n c e  o f  bo th ,  however, f a l l s  t o  l e s s  t han  60 p e r c e n t  o f  t h e  
o r i g i n a l  va lue  a f t e r  o n l y  7 .5 J ( 1 . 6 5  J/cm2> o f  l a b o r a t o r y  exposure.  
The r e f l e c t a n c e  r a t i o  o f  t h e  d i s c  o f  s t a i n l e s s  s t e e l  coated w i t h  1900 A 
of aluminum follows the  r e f l e c t a n c e  r a t i o  of  aluminum u n t i l  t h e  exposures a re  
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i nc reased  t o  cause a 60 p e r c e n t  
i ncreased a1 umi num-coated s t a i  n 
s t a i n l e s s  s t e e l  as the alumlnum 
curves,  t h e  va lues  for  pa, t h e  
r e d u c t i o n  i n  r e f l e c t a n c e  r a t i o  a f t e r  which t h e  
ess s t e e l  apprGaches t h a t  o f  t h e  s u b s t r a t e  
c o a t i n g  i s  b e i n g  eroded away, To o b t a i n  these 
r e f l e c t a n c e s  o f  t h e  samples a t  i n f i n i t e  
exposure,  were determined i n  R e f .  1 1 .  The va lue  f o r  aluminum o b t a i n e d  a t  
5 .6  J/cm2 exposure i s  0.3055. 
6 .7  J/cm2 exposure) .  I n  a d d i t i o n  t o  p o i n t i n g  o u t  t h e  r e d u c t i o n  i n  exposed 
s u r f a c e  r e f l e c t i v i t y ,  F i g .  3 a l s o  suggests t h a t  t h e  aluminum-coated d i s c  should 
degrade l i k e  aluminum a t  f i r s t ;  then a f t e r  some exposure (as  t h e  c o a t i n g  i s  
removed), resemble the  degrada t ion  r a t e  o f  t h e  s u b s t r a t e  s t a i n l e s s  s t e e l .  
Since t h e  r e f l e c t a n c e  r a t i o  deg rada t ion  r a t e  f o r  the  aluminum coated surface 
For s t a i n l e s s  s t e e l ,  p, = 0.350 ( o b t a i n e d  a t  
t h e  e f f e c t  o f  the  aluminum c o a t i n g  
r e f l e c t a n c e  up th roughou t  t h e  
one, and hence f o r  a l o n g e r  t ime  
has slowed t o  t h a t  o f  t he  s t a i n l e s s  s t e e l ,  
on s t a i n l e s s  s t e e l  i s  t o  keep t h e  a b s o l u t e  
exper iment ,  l o n g e r  than t h a t  o f  aluminum a 
than m igh t  be expected i n  space. 
Space S i m u l a t i o n  Chamber 
A space-envi ronment-s imulat ion f a c i l i t y  was used t o  determine t h e  
e q u i l i b r i u m  temperature of t h e  su r faces  d e s c r i b e d  i n  t h i s  paper .4 
work ing s e c t i o n  o f  t h e  i n n e r  "space" chamber, which was 6 f t  i n  d iameter  and 
approx ima te l y  10 f t  h i g h ,  f o u r  c h a r a c t e r i s t i c s  o f  t h e  space environment were 
reproduced s imu l taneous ly  and as a c c u r a t e l y  as p o s s i b l e .  
low p ressu re  o f  gases i n  space, es t ima ted  t o  be about  mm Hg. 
I n  t h e  
The f i r s t  was t h e  
Th is  low pressure was o b t a i n e d  by keep ing  t h e  e n t i r e  chamber w a l l  a t  
l i q u i d  h e l i u m  temperatures by j a c k e t i n g .  The l i q u i d  h e l i u m  coo led  j a c k e t  
p r o v i d e d  n e a r l y  p e r f e c t  a b s o r p t i o n  c a p a b i l i t y  o f  t h e  space background for 
gas s .  
low background temperature o f  space (abou t  4 K), t hus  removing any super f luous 
r a d  a t i o n  source.  
The i n n e r  space chamber w a l l s  j a c k e t i n g  a l s o  produced t h e  e x t r e m e l y  
The most i m p o r t a n t  r a d i a n t  energy source i n  space i s ,  of 
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course,  t h e  sun. I n  t h i s  f a c i l i t y ,  t h e  r a d i a t i o n  a r r i v i n g  from t h e  sun, a t  
e a r t h  d i s t a n c e  from t h e  sun ( b u t  o u t s i d e  e a r t h  atmosphere), was p r o v i d e d  by a 
carbon a r c  lamp a t  t h e  p roper  i n t e n s i t y ,  u n i f o r m i t y ,  and c o l l i m a t i o n  ang le .  
The r e s u l t i n g  s p e c t r a l  energy d i s t r i b u t i o n  approximated t h a t  o f  t h e  sun o v e r  
t h e  wavelength range from 3500 A to  about 2 . 5  pm. 
m o n i t o r i n g  and maintenance of these c o n d i t i o n s  a r e  presented i n  Refs.  4 and 12. 
Space-Chamber-Temperature Exper iment 
D e t a i l s  conce rv ing  t h e  
F i v e  i d e n t i c a l  2.38 cm (15116 i n . )  d iameter  p o l i s h e d  d i s c s  were s e l e c t e d  
for  a g i v e n  m a t e r i a l ,  and each d i s c  was then  sub jec ted  t o  a g i v e n  amount o f  
l a b o r a t o r y  exposure. The exposure was i nc reased  from d i s c  t o  d i s c .  Each 
s e r i e s  of  d i s c s  o f  a g i v e n  m a t e r i a l  was then  mounted on a s i m u l a t e d  s p a c e c r a f t  
t h a t  had been designed t o  m in im ize  heat t r a n s f e r  between t h e  s p a c e c r a f t  and 
t h e  mounted d i s c s  ( F i g .  4 ) .  Th i s  was accompl ished by mount ing t h e  d i s c s  on 
nonconduct ing p l a s t i c  s t e m s  and s h i e l d i n g  t h e  back o f  t h e  d i s c s  w i t h  h i g h l y  
r e f l e c t i n g  cups, t hus  a l l o w i n g  a heat ba lance for t h e  d i s c s  o n l y  i n v o l v i n g  
r e c e i v e d  and e m i t t e d  r a d i a t i o n  from the f r o n t  exposed s i d e  o f  t h e  d i s c  and a 
minimum l o s s  from t h e  unexposed s i d e  ( 3 ~ 1 0 - l ~  B t u / ( h r ) ( R 4 ) 1 .  
v e h i c l e  was mounted i n  t h e  space-environment tank  so t h a t  t h e  f r o n t  f a c e s  o f  
t h e  d i s c s  r e c e i v e d  d i r e c t  s o l a r  r a d i a t i o n  from a d i r e c t i o n  normal t o  t h e i r  
s u r f a c e s .  The f r o n t  su r faces  o f  the d i s c s  were a l s o  exposed t o  t h e  c o l d  s i n k  
of space ove r  n e a r l y  t h e  e n t i r e  21r s o l i d  ang le  (excep t  f o r  t h e  sun).  
t he  d i s c s  c o u l d  a r r i v e  a t  t he  e q u i l i b r i u m  temperature based on t h e  h e a t  ba lance  
between the  normal energy ( s o l a r  r a d i a t i o n )  absorbed and t h e  t o t a l  hemispher i c  
energy e m i t t e d  by t h e  f r o n t  face (p lus t h e  energy loss t o  t h e  s u p p o r t i n g  
s p a c e c r a f t  s t r u c t u r e ) .  The e q u i l i b r i u m  temperature f o r  each d i s c  was measured 
by a copper-constantan thermocouple embedded i n  t h e  d i s c  one -ha l f  r a d i u s  o u t  
from t h e  mount ing p i n  a t  t he  c e n t e r .  
was detemined by t a k i n g  measurements o f  temperature w h i l e  approaching 
The s i m u l a t e d  
Thus, 
The e q u i l i b r i u m  temperature o f  t h e  d i s c  
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equilibrium conditions from above and below the equilibrium temperature. 
During the experiment, radiation intensity was monitored by six silicon solar 
cells previously calibrated against a Schwarz total radiation intensity meter. 
The resulting variation in the equilibrium temperatures for all the discs is 
the result of reproducible changes in surface optical properties caused by 
calibrated exposure to high-speed, micron-size particle impaction. 
Transient temperatures were measured similarly during heating and cooling 
o f  the discs for the purpose of determining aSN and by an essentially 
independent experiment (independent from the equilibrium experiment). 
Results of Space-Chamber-Temperature Experiment 
The major results of the temperature-equilibrium experiment are presented 
in Fig. 5 and Tables 1 and 2. The "history" of the equilibrium temperature 
for discs of three different materials mounted on a simulated space vehicle 
and "flown" in a simulated space environment at 1.25 solar constant can be 
found in Fig. 5 .  These equilibrium temperatures are shown as they vary with 
exposure to the simulated micrometeoroid environment, the exposure being 
expressed in joules per square centimeter of energy of the impacting 
hypervelocity particles on the 2.38 cm diameter discs. Perhaps the most 
important feature o f  these curves is that, in spite of the large exposure to 
impacting particles, the resulting change in optical properties measured in 
the laboratory, and the efforts made to isolate the disc thermally from its 
support, the total variation in equilibrium temperature of the discs is small 
but measurable. For the aluminum disc, the measured change in equilibrium 
temperature is approximately 21 K or about 5 percent in absolute temperature 
level. For stainless steel, the temperature is almost constant, varying only 
about 0.1 percent in absolute temperature level. The largest variation 
occurred with the aluminum-coated stainless-steel disc, which rose 50 K due to 
the exposure, or about 12 percent in absolute temperature level. The 
14 
e q u i l i b r i u m  temperature v a r i a t i o n s  as measured for  t h e  d i s c s  and p resen ted  i n  
F i g .  5 a l s o  a re  p resen ted  i n  Tab le  1 f o r  comparison w i t h  t h e  e q u i l i b r i u m  
temperature c a l c u l a t e d  f o r  t h e  d i s c s  by u s i n g  va lues  f o r  
aSN and 
determined from t h e  two a u x i l i a r y  nonsteady exper iments ( t h e  f i r s t  sun-on, the  
o t h e r  s u n - o f f ) .  
The check o b t a i n e d  between measured and c a l c u l a t e d  va lues  i s  q u i t e  good. 
Also presented i n  Table 1 a re  t h e  values o f  aSn and Eth measured i n  t h e  
thermal t r a n s i e n t  exper iment  for  each of  t h e  d i s c s  as t h e  l a b o r a t o r y  exposure 
i s  increased.  I t  i s  c l e a r l y  shown t h a t  b o t h  asn  and & t h  i n c r e a s e  due t o  
t h e  exposure. Both s t a i n l e s s  s t e e l  and aluminum on s t a i n l e s s  s t e e l  a r e  
l e v e l i n g  o f f  to  about  t h e  same temperature.  T h i s  was expected, as t h e  aluminum 
c o a t i n g  i s  worn from t h e  s t a i n l e s s - s t e e l  s u b s t r a t e .  The a l l - a lum inum d i s c  
wears m o s t  r a p i d l y  and e x h i b i t s  t h e  s t r o n g e s t  r i s e  i n  Et.,, b u t  n o t  t h e  h i g h e s t  
asn; hence i t  approaches the  l owes t  e q u i l i b r i u m  temperature i n  F i g .  5. 
For t h e  i n f o r m a t i o n  p resen ted  i n  Table 2 ,  t h e  & t h  of Table 1 was used 
to  c a l c u l a t e  a r e f l e c t a n c e  ( i . e . ,  p = 1 - s o l e l y  for comparison w i t h  Pa, 
t h e  average r e f l e c t a n c e  o f  t h e  d i scs  measured by  t h e  spec t romete r  method. 
These two " r e f  1 ectances"  can be compared, because i s equal  a p p r o x i m a t e l y  
t o  pH-A, f o r  t h e  m a t e r i a l s  i n  t h i s  exper iment ,  and pH - can be taken  equal  
t o  ( 1  - 
f o r  t h e  d i s c s  a r e  amazingly  c l o s e  c o n s i d e r i n g  t h e  d i f f e r e n c e  i n  t h e  p a t h s  
t r a v e l e d  t o  o b t a i n  them. Whether or  not such a comparison i s  s t r i c t l y  c o r r e c t ,  
t h e  o p t i c a l  or thermal changes i n  sur face p r o p e r t y  a re  c e r t a i n l y  v a r y i n g  i n  a 
d 
Pa 
a t  t h e  same t e m p e r a t ~ r e . ~  The comparisons o f  these two q u a n t i t i e s  
v e r y  s i m i l a r  manner w i t h  s imu la ted  exposure to m ic rometeo ro id  env i ronment .  
Th i s  s i m i l a r i t y  i n  the  v a r i a t i o n  of r e f l e c t a n c e  w i t h  exposure as measured 
by  e i t h e r  method suggested t h e  p o s s i b i l i t y  o f  making r e f l e c t a n c e  measurements 
i n  space w i t h o u t  a r e f l e c t o m e t e r ,  and a l s o  u s i n g  these r e f l e c t a n c e  measurements 
t o  determine m ic rometeo ro id  f l u x .  
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T h i s  c o u l d  be done b y  c a l i b r a t i n g  t h e  change i n  temperature o f  a d i s c  i n  
a space-environment-s imulat ion chamber w i t h  t h e  measured (e lsewhere)  o p t i c a l  
change o f  t h e  surface caused by c a l i b r a t e d  exposure of t h e  d i s c  t o  s i m u l a t e d  
micrometeoro id f l u x .  Te lemete r ing  t h e  temperature o f  t h e  d i s c  from a space 
exper iment  then  would g i v e  n o t  o n l y  t h e  change i n  r e f l e c t i v i t y  o f  t h e  d i s c  b u t  
a l s o ,  from c o r r e l a t i o n  w i t h  t h e  ground exper iment ,  t h e  m ic rometeo ro id  f l u x  
causing t h i s  r e f l e c t i v i t y  change. The s u r f a c e  chosen f o r  s p a c e - f l i g h t  
exper iments,  because of  i t s  i n i t i a l  f a s t  r i s e  i n  e q u i l i b r i u m  temperature and 
l a r g e  changes i n i t i a l l y  i n  asn and when exposed t o  s i m u l a t e d  
micrometeoro ids,  (see F i g .  4 and Table 1 )  was t h e  1900 A A l / s t a i n l e s s  s t e e l  
d i s c .  D i s c s  w i t h  2000 A o f  A l / S . S .  were p laced  t h e r m a l l y  i s o l a t e d  from t h e  
s p a c e c r a f t  on OS0 111, and SERT 11. The f o l l o w i n g  s e c t i o n  d e s c r i b e s  b o t h  o f  
these space experiments and d iscusses t h e  r e s u l t s .  
SPACE EXPERIMENTS 
SERT I 1  - REX 
The SERT I 1  (So la r  E l e c t r i c  Rocket Tes t  11) s p a c e c r a f t  was launched i n  
1970 as a 6-month t e s t  bed f o r  t h e  o p e r a t i o n  o f  an i o n  t h r u s t e r  i n  space.13 A 
secondary exper iment on t h e  s p a c e c r a f t ,  c a l l e d  REX ( R e f l e c t o r  Erosion 
exper iment)  was designed t o  measure m ic rometeo ro id  d e g r a d a t i o n  o f  a h i g h l y  
r e f l e c t i v e  aluminum d i s c .  T h i s  s e c t i o n  p resen ts  t h e  f i r s t  p u b l i s h e d  REX 
r e s u l t s .  
i n  1970 and a l s o  data o b t a i n e d  d u r i n g  an extended m i s s i o n  th rough  1981, a 
t o t a l  p e r i o d  o f  1 1  years,  3 months i n  ~ p a c e . ~ - l 3  
I t  covers space-obtained d a t a  from t h e  f i r s t  9 months of t h e  m i s s i o n  
REX D e s c r i p t i o n  
F i g u r e  6 shows an a r t i s t ' s  drawing o f  t h e  REX appara tus .  F i g u r e  6 ( a >  i s  
t he  mount ing body used t o  c o n t r o l  t h e  thermal  env i ronment  o f  t h e  d i s c  i n  t h e  
back hemisphere. Two d i s c s ,  2.38 cm i n  d iameter  and 0.013 cm t h i c k ,  w i t h  a 
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2000 A c o a t i n g  o f  aluminum vapor deposi ted on t h e  d i s c  f r o n t  f ace ,  were used 
i n  t h i s  f l i g h t  exper iment .  F i g u r e  6(b) shows d e t a i l s  of mount ing t h e  d i s c  t o  
t h e  body. The mount ing s t r u c t u r e  was des igned t o  c o n t r o l  h e a t  t r a n s f e r  between 
t h e  d i s c  and body t o  a va lue  between 8.3 t o  1 6 . 6 ~ 1 0 - l ~  J/sec-K4. 
d a t a  taken on t h e  f l i g h t  apparatus before launch determined t h e  a c t u a l  v a l u e  
t o  be 13.3xlO-lB J/sec-K4 ( 4 . 8 ~ 1 0 - l ~  Btu/hr -R4>.  
Cool-down 
Therm is to r  sensors mounted on  the two d i s c s  ( d i s c  No. 1 i s  t h e  upper one, 
and d i s c  No. 2 t h e  l ower )  and on the f r o n t  (semi-s ide)  p l a t e  o f  t h e  body 
p r o v i d e d  temperature d a t a .  The t h e r m i s t o r  d a t a  were t r a n s f e r r e d  v i a  t h e  
connector  p l u g  (shown on the  cup side) t o  t h e  spacec ra f t  t e l e m e t r y  system, 
which d i g i t i z e d  i t  and r a d i o - l i n k e d  i t  t o  an e a r t h  r e c e i v i n g  s t a t i o n .  
d i g i t a l  b i t  was e q u i v a l e n t  t o  1 K, o r  t h e  temperature s t e p  between measurable 
va lues .  The t h e r m i s t o r  sensors and t e l e m e t r y  system were c a l i b r a t e d  b e f o r e  
launch.  The s e n s i t i v i t y  of f l i g h t  REX temperature d a t a  was 20.5 K .  The 
sensor s t a b i l i t y  s p e c i f i c a t i o n  was 20.5 K for 6 months and i s  as good as t h e  
d r i f t  o f  t h e  r e s i s t a n c e  o f  a h i g h - q u a l i t y  r e s i s t o r .  The t e l e m e t r y - t h e r m i s t o r  
ground c a l i b r a t i o n  gave t h e  abso lu te  temperature t o  21 K; and repea ted  in-space 
t e l e m e t r y  c a l i b r a t i o n s  showed no d i sce rnab le  change i n  t h e  t e l e m e t r y  system 
th rough  1981. The des ign  range of the d i s c  sensor was 325 t o  380 K (TI and 
T2) and t h e  body sensor range was 266 t o  349 K (Tb) .  
were scanned and reco rded  eve ry  4 min by t h e  t e l e m e t r y  system. 
Each 
REX temperature sensors 
The REX body was mounted on the end deck o f  t h e  SERT I1  s p a c e c r a f t  as 
shown i n  F i g .  7 .  A p r o t e c t i v e  cover (removed before launch)  was p l a c e d  o v e r  
t h e  REX d i s c s  i n  F i g .  7 .  The d i s c  f r o n t  s i d e  (2000 A aluminum) was i n  a p l a n e  
p e r p e n d i c u l a r  t o  t h e  deck and had a n e a r l y - c l e a r  hemispher i ca l  v iew o f  space 
and e a r t h .  The p lane  o f  t h e  d i s c  was i n  t h e  spacec ra f t  o r b i t  p l a n e .  The 
launch  t ime,  d i r e c t i o n  and a l t i t u d e  were p i c k e d  t o  be sun-synchronous; t hus ,  
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t h e  o r b i t  p lane  was n o m i n a l l y  p e r p e n d i c u l a r  t o  t h e  sun d i r e c t i o n  (8, = Oo) and 
t h e  REX d i s c  sur face was sun-facing. (The e x a c t  sun d i r e c t i o n  w i l l  be shown 
i n  t h e  f i g u r e s  t o  fo l l ow . )  
There was no d i r e c t  l i n e - o f - s i g h t  between any a c t i v e  s p a c e c r a f t  component 
and t h e  f r o n t  d i s c  su r face .  
90 p e r c e n t  h i g h  v e l o c i t y  (30,000 m/sec> w e l l  c o l l i m a t e d  i o n s ,  9 p e r c e n t  
n e u t r a l  mercury atoms and 1 p e r c e n t  low v e l o c i t y  (1000 m/sec> charge exchange 
i o n s .  For any n e u t r a l  exhaust  atom t o  reach  t h e  d i s c  f r o n t  s u r f a c e ,  would 
r e q u i r e  an improbable c o l l i s i o n  w i t h  a space p a r t i c l e  downstream o f  t h e  
t h r u s t e r  exhaust,  where the  mean f r e e  p a t h  i s  g r e a t e r  t h a n  1000 m. Because o f  
t h e  warm (340 K )  d isc  temperature,  any occas iona l  mercury atom or i o n  a r r i v i n g  
a t  t h e  d i s c  would re-evaporate.  
and t h e r e  was some ion s p u t t e r i n g  o f  g r i d  m01ybdenurn.l~ 
s p u t t e r e d  atoms became charged, some would be a t t r a c t e d  back t o  t h e  s p a c e c r a f t  
and, because o f  i t s  low vapor p ressu re ,  would n o t  re-evaporate.  The most 
p robab le  l a n d i n g  area would be on t h e  deck or i o n  t h r u s t o r  s i d e s  and and n o t  
on t h e  REX d i s c s .  Temperature sensors l o c a t e d  on t h e  deck, i o n  t h r u s t o r  s i d e ,  
and o t h e r  the rma l -emiss i ve -sens i t i ve  p l a c e s  around t h e  s p a c e c r a f t ,  shown i n  
F i g .  8,  i n d i c a t e d  no unexpected change i n  temperature d u r i n g  t h e  m i s s i o n .  
Perhaps t h e  most s e n s i t i v e  sensor o f  a l l ,  t h e  main s o l a r  a r r a y s ,  showed l e s s -  
than -p red ic ted  space degrada t ion ;  t h u s ,  i n d i c a t i o n s  were t h a t  no  molybdenum or 
any o t h e r  condensible contaminant  d e p o s i t e d  on t h e  REX d i s c s .  
The mercury i o n  t h r u s t e r  exhaust  c o n s i s t e d  of 
The i o n  t h r u s t e r  g r i d s  were made o f  molybdenum 
I f  t h e  molybdenum- 
REX Design Background 
The REX exper iment was des igned t o  s t u d y  t h e  space temperature h i s t o r y  of 
asn-change a h i g h l y  r e f l e c t i v e  aluminum s u r f a c e .  
s e n s i t i v e  w i t h  small e f fec ts  due t o  changes. By u s i n g  aluminum w i t h  an 
asn o f  0.111 and an E t h  Of 0.017, a hea t  t r a n s f e r  (d i sc - to -body )  of 
The REX exper iment  was made 
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13.3xlO-la J/sec-K4, and t h e  micrometeoro id f l u x  model o f  1 9 6 3 2 ~ 3  p r e s e n t e d  i n  
F i g .  1 ,  a REX d i s c  temperature r i s e  o f  20 t o  30 K was expected a f t e r  1 y e a r  i n  
space. 
m ic rometeo ro id  f l u x  would exper ience a 37 K temperature i n c r e a s e .  
t h e  sum o f  a 42 K r i s e  due t o  aSn 
i ncrease. 
For example, t h e  REX d i s c  w i t h  a 1 J (0.22 J/cm2> exposure o f  
T h i s  was 
i n c r e a s e  and a 5 K d r o p  due t o  
et., 
SERT I1  Spacec ra f t  History 
The SERT I 1  s p a c e c r a f t  was launched i n  February 1970. I t s  ma jo r  o b j e c t i v e  
A p o l a r  l a u n c h  o r b i t  was t h e  t e s t i n g  of  an i o n  t h r u s t e r  i n  space for  6 months. 
was necessary to  g i v e  a sun-synchronous o r b i t  which would p r o v i d e  s teady  s o l a r  
a r r a y  power t o  o p e r a t e  t h e  i o n  t h r u s t e r s .  
h i g h e s t  a v a i l a b l e  from t h e  r o c k e t  launch v e h i c l e .  T h i s  was h i g h  enough t o  have 
a l o n g  decay o r b i t  l i f e  (500 years )  and have a low d e n s i t y  space background for 
i on t h r u s t.e r t e s t i ng . 
The 1000 km o r b i t  a l t i t u d e  was t h e  
Due t o  a tr a x i a l  e a r t h ,  t h e  o r b i t  d i d  n o t  remain i n e r t i a l l y  f i x e d ,  b u t  
precessed s l o w l y  w i t h  a 20-year p e r i o d .  
sun synchronous causing t h e  spacec ra f t  t o  e n t e r  t h e  e a r t h ' s  shadow) and t h e  
sun a n g l e  on t h e  o r b i t  p lane  (and s o l a r  a r r a y )  changed from n e a r l y  normal t o  
31° o f f  normal ( a t  f i rst e n t e r i n g  e a r t h ' s  shadow). I t  then  c o n t i n u e d  t o  90° 
i n  1975 and 180° i n  1980. 
A f t e r  2 y e a r s ,  t h e  o r b i t  was no l o n g e r  
To c o n t i n u e  exper iments p a s t  1971, i t  was necessary t o  t u r n  t h e  s o l a r  
a r r a y  (and s p a c e c r a f t )  to  f a c e  t h e  sun t o  o b t a i n  enough power to  o p e r a t e  
exper iments.  
1973. 
shown i n  F i g .  8 . )  Then i n  l a t e  1976, t h e  o r i g i n a l  s p i n  d i r e c t i o n  was changed 
t o  o b t a i n  more sun on t h e  s o l a r  a r rays ,  and a p roper  o r i e n t a t i o n  a t t i t u d e ,  fo r  
o p e r a t i o n  i n  1979, when t h e  o r b i t  became sun-synchronous aga in .  I n  l a t e  1981 
t h e  o r b i t  p recess ion  caused p e r i o d s  o f  e a r t h  shadowing o f  t h e  s p a c e c r a f t ,  and 
To keep f a c i n g  t h e  sun, t h e  s p a c e c r a f t  was s p i n - s t a b i l i z e d  i n  
(From 1970 t o  1972, t h e  spacec ra f t  was g r a v i t y - g r a d i e n t  s t a b i l i z e d  as 
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s p a c e c r a f t  ope ra t i ons  were t e r m i n a t e d  w i t h  t h e  s p a c e c r a f t  i n  w o r k i n g  o r d e r .  
Cont inuous sun l i g h t  o r b i t  w i l l  aga in  o c c u r  i n  1989. 
, D u r i n g  t h e  pe r iods  o f  e a r t h  shadowing, t h e  REX d a t a  were i n  non-therma 
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e q u i l i b r i u m ,  due not on ly  t o  t h e  shadow c o o l i n g ,  b u t  a l s o  t o  l a r g e  changes n 
sun angle caused by t h e  s p i n n i n g  s p a c e c r a f t .  
f o r  these p e r i o d s .  
p e r i o d  o f  a few days to a f e w  weeks. D u r i n g  t h e  wobble p e r i o d s ,  changes i n  
REX d i s c  temperature (293  t o  320 K )  were used t o  measure t h e  wobble p e r i o d  and 
t o  c a l c u l a t e  t h e  sun ang le  on REX (and hence t h e  main s o l a r  a r r a y ) .  These 
c a l c u l a t i o n s  c o u l d  be made because asn and had n o t  changed 
s i g n i f i c a n t l y  d u r i n g  t h e  m i s s i o n  to t h a t  t ime .  
Therefore no REX d a t a  a r e  p l o t t e d  
The p r e c e s s i o n  or wobble o f  t h e  spacec ra f t  s p i n  a x i s  had a 
D u r i n g  t h e  spin-wobble yea rs  of 1973 t o  1977, t h e  REX d i s c  was p a r t i a l l y  
exposed t o  ram atomic oxygen. For those yea rs  t h e r e  was a p e r i o d  o f  1145 days 
o f  such exposure. The ram ang le  on t h e  d i s c  v a r i e d  from Oo t o  18O ( a  
p e r p e n d i c u l a r  or  d i r e c t  ram ang le  would be goo).  I n t e g r a t i o n  o f  t h e  ram angles 
ove r  t h e  1145 days r e s u l t e d  i n  an e q u i v a l e n t  d i r e c t  ram t i m e  o f  o n l y  40.1 days. 
Because o f  t h e  a l t i t u d e  (1000 km) and l e n g t h  o f  t i m e  i n  t h e  ram d i r e c t i o n ,  
t h e r e  i s  a n e g l i g i b l e  p r o b a b i l i t y  o f  atomic oxygen e f f e c t s  on t h e  d i s c s .  
REX Data 
F i g u r e  9 i s  a t ime p l o t  o f  REX thermal  d a t a  from launch  (Feb. 1970) t o  t h e  
end o f  d a t a  c o l l e c t i o n  (May 1981). The two d i s c  temperatures,  t h e  body or cup 
temperature,  and sun ang le  of i n c i d e n c e  on t h e  d i s c s  were p l o t t e d .  The shaded 
areas were t imes  when t h e  s p a c e c r a f t  was i n t e r m i t t e n t l y  shadowed by t h e  e a r t h .  
(See SERT I1 Spacecraf t  H is tory  S e c t i o n . )  A l l  d a t a  on F i g .  9 were u n c o r r e c t e d .  
To m in im ize  any v a r i a t i o n  due t o  e a r t h  v iew f a c t o r  or e a r t h  a lbedo ,  o n l y  d a t a  
taken when t h e  spacecraf t  was o v e r  Fa i rbanks ,  A laska  were p l o t t e d .  T h i s  
l o c a t i o n  was chosen because a m a j o r i t y  o f  d a t a  came from t h e  t e l e m e t r y  
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r e c e i v i n g  s t a t i o n  t h e r e .  
A u s t r a l i a  and showed no s i g n i f i c a n t  d i f f e r e n c e  from t h e  A laska  d a t a .  
REX d a t a  were a l s o  compared o v e r  a ground s t a t i o n  i n  
The d i s c  temperatures i n  F i g .  9 show a lmos t  no l ong - te rm change or t r e n d  
There seemed t o  be a small t r e n d  of l ower  d i s c  tempera tu re  i n  t h e  
The REX body or cup temperature was a l s o  f a i r l y  c o n s t a n t  ac ross  
w i t h  t ime .  
y e a r  1971. 
t i m e .  The random, smal l  temperature changes were p a r t l y  due t o  changes o f  t h e  
sun ang le  caus ing  l o c a l  shadowing from t h e  nearby R F I  antenna, ( F i g .  7 ) ,  sun 
r a y s  r e f l e c t i n g  o f f  t h e  aluminum spacecraf t  deck, or seasonal changes i n  e a r t h  
a lbedo.  
p r e c e s s i o n  for t h e  launch o r b i t .  
s p a c e c r a f t  passed i n t o  t h e  e a r t h ' s  shadow, and no d a t a  were p l o t t e d  due to 
non-normal thermal equi  1 i b r i u m .  T rans ien t  thermal  d a t a  were n o t  d i s c r i m i n a n t  
because t h e  4-min d a t a  sampl ing ra te  was l a r g e  compared t o  t h e  REX thermal 
t i m e  c o n s t a n t .  A l though  no d a t a  were  p l o t t e d  for e a r t h  shadow p e r i o d s ,  i . e . ,  
1972 - 1979, t h e  REX d i s c s  were exposed t o  ambient m ic rometeo ro id  f l u x  a t  a l l  
t imes .  Temperature d a t a  from d i s c  1 were l o s t  a f t e r  1972 when t h e  t e l e m e t r y  
subcommutator t h a t  processed d i s c  1 t h e r m i s t o r  d a t a  stopped f u n c t i o n i n g .  
The change i n  sun ang le  c l o s e l y  f o l l o w e d  t h e  p r e d i c t e d  o r b i t  
When t h e  sun ang le  was l a r g e r  than  31°, t h e  
REX Data D i s c u s s i o n  
The d i s c  temperature d a t a  o f  F i g .  9 can be enhanced by  a p p l y i n g  smal l  
c o r r e c t i o n s  r e s u l t i n g  from changes i n  REX body temperature and changes o f  
i n c i d e n t  s o l a r  i n t e n s i t y .  
(TI  or  T2) w i t h  asn, E,., REX body temperature,  and s o l a r  i n t e n s i t y .  A 
s i m p l i f i e d  form o f  Eq. (83) i s  presented below: 
Equa t ion  (83)  of Ref. 4 r e l a t e s  d i s c  temperature 
where C1 and C2 a r e  c o n s t a n t s .  
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for  cons tan t  asn and E t h  Eq. (5 )  reduces to  t h e  form: 
c i r c u l a r  e q u a t o r i  a1 
5 yea rs .  The o r b i t  
t h e  e a r t h ' s  equator  
o r b i t  be ing  i n  sun1 
(6 )  4 4 [T1 or T2] = C3  cos 8 ,  + C4T 
where C3 and C4 a r e  cons tan ts .  
for  t h e  nominal va lues of eS = Oo and TB = 316 K ,  T i  or T2 equals  
344 K .  Expected changes i n  T i  or T2 due t o  sun a n g l e  or body temperature 
changes can be c a l c u l a t e d  by u s i n g  t h e  a c t u a l  i n s t e a d  o f  nominal va lues  o f  
8 ,  = 0 and Tb = 316 K .  These c a l c u l a t e d  changes i n  T i  or T2 (amount ing 
t o  -0.5 to  8 K >  were used to  c o r r e c t  or enhance t h e  d a t a  o f  F i g .  9 b y  
n o r m a l i z i n g  T1 or T2 t o  c o n s t a n t  va lues o f  Tb and 8 ,  (316 K and 0"). 
The c o r r e c t e d  T i  and T2 d a t a  a r e  p l o t t e d  on F i g .  10. 
Both t h e  raw data ( F i g .  9 )  and the  no rma l i zed  d a t a  ( F i g .  10) showed t h e  
same major  r e s u l t .  That i s ,  t h e r e  was no major  change i n  d i s c  temperature 
(30  t o  40 K )  due t o  exposure t o  space micrometeoro ids o v e r  a p e r i o d  o f  
1 1  years and 3 months. T h i s  r e s u l t  i n d i c a t e d  t h a t  t h e  m ic rometeo ro id  f l u x  
model o f  t h e  196Ols3 was c o n s i d e r a b l y  h i g h e r  than  t h e  r e a l  f l u x .  
os0 I11 
The 2000 A A 1 l S . S .  R e f l e c t o r  e r o s i o n  m ic rometeo ro id  d e t e c t o r  was a l s o  
p a r t  o f  t h e  thermal c o n t r o l  c o a t i n g s  exper iment  f l o w n  on OS0 I11 ( O r b i t i n g  
S o l a r  Observatory  111). T h i s  s a t e l l i t e  was launched i n t o  a l ow-ea r th ,  n e a r l y  
o r b i t  on March 8, 1967, and was o p e r a t i o n a l  f o r  a t  l e a s t  
a l t i t u d e  was about 550 km and was i n c l i n e d  33" r e l a t i v e  t o  
The o r b i t  p e r i o d  was 96 min,  w i t h  about  60 min o f  t h e  
g h t .  The s a t e l l i t e  was s p i n - s t a b i l i z e d  w i t h  a r a t e  o f  
35 rpm. Th is  s p i n  a x i s  was p e r p e n d i c u l a r  t o  t h e  s a t e l l i t e - s u n  l i n e .  Twelve 
c o a t i n g s ,  (mostly thermal c o n t r o l ) ,  mounted on t h i n  d i s c s  about 1 i n .  (2.54 cm) 
i n  d iameter ,  were exposed t o  t h e  space env i ronment ;  each coated d i s c  was 
c 
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t h e r m a l l y  i s o l a t e d  on t h e  back s i d e .  
thermal  em i t tance  ( c T H )  va lues were deduced from t r a n s i e n t  t empera tu re  
measurements of the  d i s c s .  
Changes i n  s o l a r  absorptance (asn) and 
One of t h e  r e s u l t s  p o i n t e d  o u t  by t h e  p r i n c i p a l  i n v e s t i g a t o r ,  J .  M i l l a r d , S  
w r i t t e n  i n  1968, was t h a t  for t h e  2000 A A1  on s t a i n l e s s  s t e e l ,  "No changes i n  
asn or & t h  of t h e  2000 A A1 Coat ing were d e t e c t e d  i n  a t i m e  p e r i o d  o f  about  
11 months. Th is  r e s u l t  i s  h i g h l y  s i g n i f i c a n t  i n  t h a t  i t  i n d i c a t e s  e f f e c t s  o f  
m i  c romefeoro i  ds were negl  i g i  b l  e. 'I 
Upon a reques t  by H. Mark of NASA Lewis Research Center  t o  Ames Research 
Center ,  t h e  t r a n s m i t t e r  was tu rned  on and d a t a  o b t a i n e d  on t h e  2000 A A1  d i s c  
a f t e r  5 yea rs  i n  o r b i t .  Again, t he re  were no changes i n  CtSn or eth o f  t h e  
d i s c ,  i n d i c a t i n g  a g a i n  t h a t  t h e  ef fects o f  t h e  m ic rometeo ro id  env i ronment  on 
t h i s  s u r f a c e  were n e g l i g i b l e  even a f t e r  5 yea rs  i n  an e q u a t o r i a l  o r b i t .  These 
d a t a  a r e  shown i n  F i g .  11 as AaSn versus t ime .  No change i n  asn i n d i c a t e s  
no change i n  t h e  t o t a l  s o l a r  r e f l e c t a n c e ,  s i n c e  
surface .. 
- is = 1 - aSn, f o r  an opaque 
RESULTS AND DISCUSSION OF SPACE EXPERIMENT 
I m p l i c a t i o n  on Micrometeoro id and Space D e b r i s  Models 
and Eros ion  o f  Surface O p t i c a l  P r o p e r t i e s  
As p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n ,  t h e  p l a c i n g  of t h e  m i c r o m e t e r o i d  
sensor (2000 A A l / S . S . )  i n  space was founded on t h e  1963 I n t e r p l a n e t a r y  Dust 
Measurements presented i n  F i g .  1. From t h i s  model o f  t h e  m ic rometeo ro id  
env i ronment ,  we expected a f l u x  o f  app rox ima te l y  350 000 h i  t s / cm2/year  which 
i s  dominated by low mass p a r t i c l e s  t o  gm). T h i s  t r a n s l a t e s  t o  an 
energy on o u r  sensor o f  approx imate ly  113 J / y e a r  (0.067 J / cm2/y r )  f o r  a 
p a r t i c l e  v e l o c i t y  o f  20 km/sec. 
r i s e  i n  temperature o f  1 K ,  because of t h i s  f l u x  model. A s imp le  c a l c u l a t i o n  
shows t h a t  t h e  minimum energy we could have d e t e c t e d  on o u r  sensor,  because o f  
We s e t  o u r  sensor s e n s i t i v i t y  f o r  a minimum 
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t h i s  s e n s i t i v i t y ,  was 0.00067 J/cm2. The REX d i s c s  on SERT I 1  exper ienced no 
r i s e  i n  temperature i n  1 1  years and no change i n  s o l a r  absorptance i n  5 years 
on OS0 111. This c e r t a i n l y  i m p l i e s  t h a t  t h e  energy of t h e  impac t ing  
micrometeoro ids was l e s s  than 0.003 J / l l  yea rs  = 0.00027 J / y e a r  or 0.000067 
J l cm2/y r .  
f l u x  for  t h e  10-'2 gm p a r t i c l e s  o f  a p p r o x i m a t e l y  350 h i t s l c m 2 / y r  or 10-1 
h i t s / m z / s e c ,  the minimum number o f  h i t s  d e t e c t a b l e  by t h i s  sensor i n  1 1  yea rs .  
T h i s  d a t a  p o i n t  i s  p l o t t e d  on F i g .  12, a long  w i t h  t h e  m ic rometeo ro id  f l u x  
models o f  '963 and 1987, and t h e  1987 space d e b r i s  model presented by L.  Jaffe 
o f  J.P.L. i n  Ref. 1 6 .  The 1987 m ic rometeo ro id  f l u x  model presented i s  t h e  
on 
Ass ign ing a v e l o c i t y  o f  20 km/sec t o  t h e  micrometeoro ids y i e l d s  a 
same as t h a t  presented i n  SP-8013.17 where o n l y  micrometeoro id p e n e t r a t  
d a t a  were used t o  generate t h e  f l u x .  
T h i s  NASA near-earth micrometeoro id model has been w i d e l y  accepted 
con t inues  to  be used even though i t  was f i r s t  p u b l i s h e d  
present-day meteoro id model and i s  t h e r e f o r e  c a l l e d  t h e  
i n  F i g .  12. This i s  a l s o  c i t e d  by J a f f e  i n  an e x t e n s i v e  
d a t a  on t h e  micrometeoro id and space d e b r i s  environments 
and 
n 1969. I t  i s  t h e  
987 me teo ro id  model 
r e v i e w  o f  a v a i l a b l e  
J a f f e  c i t e s  and 
rev iews  30 references i n  recommending models o f  these environments for t h e  
100 kW space nuc lear  power system, SP100.18 
Memo, he discusses the  s t u d i e s  o f  K e ~ s l e r ~ 9 , 2 0 , ~ ~  922 (cons ide red  by many t o  be 
t h e  number one a u t h o r i t y  on space d e b r i s ) ;  a d e b r i s  model by Laurance and 
B r ~ w n l e e ~ ~  (based on  p i t s  on S o l a r  Max s u r f a c e s ) ;  and me teo ro id  models 
generated b y  Aguero, McDonnell, Laurance and Brownlee, Whipple and 
Cour-Palais.17 
I n  t h i s  J.P.L. I n t e r n a l  O f f i c e  
The r e s u l t s  of the  SERT I 1  or OS0 I11 F l i g h t  Exper iment a r e  c o n s i s t e n t  
w i t h  b o t h  t h e  1987 micrometeoro id and space d e b r i s  f l u x  models.  I n  f a c t ,  t h e y  
v e r i f y  t h a t  t he  f l u x  i s  l e s s  than or equal t o  t h e  q u a n t i t i e s  observed, which 
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is consistent with these models. This is why a vertical arrow is drawn down 
from our data point, meaning the f l u x  was even less than our sensor could 
detect. 
The resulting data imply that solar dynamic reflector surfaces such as 
the reflector surface (a highly polished metal o r  thin metal film deposit) 
tested in space should lose less than 1 percent of their specular reflectance 
over a period of 1 1  years. An extrapolation based on area damage derived from 
the 1987 micrometeoroid model and ground reduction in specular reflectance due 
t o  micrometeoroid similation studies indicates that such a reduction in 
specular reflectance should not happen within the useful lifetime of currently 
conceived space systems. 
CONCLUDING REMARKS 
A shock tube was used t o  accelerate micron-size particles t o  
hypervelocities to simulate micrometeoroid impact on polished metal surfaces. 
An analytic expression was derived, which predicts reduction in reflectance of 
polished metal surfaces as a function of area damaged, that correlates with 
the kinetic energy of the impacting hypervelocity particles. A space 
simulation facility was used to calibrate a micrometeoroid sensor (2000 A 
Al/S.S.). It was found that this sensor, thermally isolated from the 
spacecraft, exhibited a rapid rise in equilibrium temperature when exposed t o  
simulated micrometeoroid exposure. This micrometeoroid sensor was then flown 
on two satellites, OS0 I11 (equitorial orbit) and SERT II(po1ar orbit). No 
changes in either equilibrium temperature or optical properties of the highly 
reflective surface were measured i n  1 1  years in space. The effects of the 
space environment, i.e., the micrometeoroid environment on the solar 
reflectance were negligible. The results are in agreement with the 1987 
micrometeoroid f l u x  model presented in the paper. From the accuracy of the 
sensor, the results indicate that a reflector surface (a highly polished metal 
25 
or a thin metal film deposit) should lose less than 1 percent of its specular 
reflectance i n  near-Earth orbit in 1 1  years. This result alone will be very 
useful to the design of space solar dynamic/concentrator systems. 
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APPENDIX A 
SPACE EXPOSURE FOR EQUAL DAMAGE 
I n  Eq. (1)  o f  t h i s  paper t h e  sur face r e f l e c t a n c e  a f t e r  exposure to  
i m p a c t i o n  i s  w r i t t e n  
where 
For equal  damage on a g i v e n  su r face ,  t h a t  i s ,  c o n s t a n t  
(A21 
Ea, t h e  q u a n t i t y  K 
must be h e l d  c o n s t a n t .  I f  K changes w i t h  s i n g l e  p a r t i c l e  k i n e t i c  energy as 
i n  Eq. (A2>, E must change t o  keep 
K ~ E ~  = K ~ ~ E ~ ~  
o r  
from Eq. (A21 
and Eq. (A41 becomes 
Thus 
requ  
requ  
ESP 
f o r  the  h i g h e r  p a r t i c l e  k 
(A31 
(A41 
EL (AS)  
n e t i c  ene rg ies  n space, tile t o t a l  exposure 
r e d  for  t h e  same damage i s  increased ( i . e . ,  more h i t s  i n  space a r e  
r e d  f o r  t h e  same surface damage). 
I n  t h e  l a b o r a t o r y  exposure, the p a r t i c l e  mass was 3xlO-lO gm. For use i n  
space, a good e s t i m a t e  o f  t h e  mass o f  t h e  most numerous p a r t i c l e  may be made 
by f i n d i n g  t h e  l e v e l i n g - o f f  p o i n t  o f  t h e  cumu la t i ve  f l u x  cu rve  from F i g .  1.  A 
27 
c o n s e r v a t i v e  f i g u r e  for t h e  most numerous (minimum s i z e )  p a r t i c l e  i n  space 
from these da ta ,  from t h e  p o i n t  of v iew o f  e x t r a p o l a t i n g  o u r  l a b o r a t o r y  
exposure t o  space, i s  about 3 ~ 1 0 - l ~  gm, o r  one- tenth o f  t h e  l a b o r a t o r y  p a r t i c l e  
mass. 
Est imates f o r  p a r t i c l e  speed i n  space v a r y  from 30 000 t o  200 000 f p s .  
To c a l c u l a t e  several  examples we have taken one a t  34 000 f p s  ( f o u r  t imes  l a b  
speed) and 85 000 fps (10 t imes l a b  speed). 
L e t  m = m /10 and vsp = 4 V p ~ .  Then 
Us ing  Eq. ( A S )  we have case 1 .  
PSP PL 
113 
&SPl = [&)e)’] &L 
113 
&SP1 = 1.17EL 
&SPl  = [(&)(4)2] E L  
I n  case 2, l e t  
mP L 
mSP = 10 VpSP = 10VPL 
113 
&SP2 = 2 * 1 5 E L  
&SP2 = [(+5)(10)*] EL 
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TABLE 1 .  - VARIATION OF OPTICAL PROPERTIES AND EQUILIBRIUM 
TEMPERATURES OF METAL DISKS WITH SIMULATED 
MICROMETEOROID EXPOSURE 
0.60 
0.451 
0.243 
416 
415 
~~ 
A 1  umi num 
1.26 
0.572 
0.282 
430 
424 
Lab exposure,  
j o u l e s  /cm2 
N 
eTH 
Teq ( c a l c ) ,  OK 
Teq (meas), O K  
0 
0.432 
0.112 
443 
437 
0 
0.230 
0.061 
405 
403 
0 .21  
0.579 
0.221 
442 
443 
0.28 
0.447 
0.184 
428 
41 9 
Lab exposure, j o u l  es/cm2 0 1.28 0 . 6 0  
pa  ( f o r  420 OK b lackbody  r a d i a t i o n )  1.01 0.80 0 . 7 6  
( 1  - eTH) 0 .94  0.82 0 . 7 6  
1 .26  5.71 
0 . 6 2  0.305 
0.72 0.325 
5.71 
1.02 
0.675 
431 
42 5 
Lab exposure, j o u l e s / c m z  0 0.21 0 . 4 8  
pa  ( for  420 O K  b lackbody  r a d i a t i o n )  0.92 0 . 7 9  0.71 
( 1  - eTH) 0.89 0 .78  0 . 7 0  
Lab exposure,  
j o u  1 es /cm2 
N 
eTH 
Teq ( c a l c ) ,  OK 
Teq (meas), OK 
A1 umi num 
0 .96  1.46 
0.66 0.57 
0 .66  0 .63  
304 S t a i n l e s s  s t e e l  
Lab exposure, j o u l e s / c m 2  
pa  ( f o r  420 O K  b lackbody  r a d i a t i o n )  
( 1  - eTH) 
I
0 0.24 0 . 4 4  1 .01  1.37 
1.02 0.81 0.77 0.67 0 . 6 3  
0.98 0.82 0.80 0 . 7 5  0.69 
(1900 8 )  on  304 
0.618 0.691 
0.301 0.338 
438 439 
s t a i n l e s s  s t e e l  
1 .46  
0.793 
0.366 
450 
442 
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